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1. INTRODUCTION {#jfb13967-sec-0001}
===============

The notion of an optimum yield at intermediate levels of fishing arose in the 1930s (Russell, [1931](#jfb13967-bib-0030){ref-type="ref"}), although the term maximum sustainable yield (MSY) appears to have been coined later (Mesnil, [2012](#jfb13967-bib-0023){ref-type="ref"}). It can be defined as the maximum yield that can be taken indefinitely from a stock; that is, the maximum harvest that is sustainable in the long term. As a concept it has the advantages of being simple and transparent to understand and being intuitively reasonable. Consequently, managing fish stocks in accordance with obtaining MSY has been widely advocated by international bodies. From early on, FAO was a strong champion of this MSY‐based fisheries management (FAO, [1966](#jfb13967-bib-0006){ref-type="ref"}) and this was later taken up by the International Whaling Commission (Allen & Kirkwood, [1988](#jfb13967-bib-0001){ref-type="ref"}) and enshrined in the 1982 UN Convention on the Law of the Sea, where it is the only reference point explicitly referred to (Caddy, [1999](#jfb13967-bib-0004){ref-type="ref"}). Subsequently the World Summit on Sustainable Development at Johannesburg in 2002 declared that fish stocks should be fished at MSY where possible by 2015 (UN, [2002](#jfb13967-bib-0044){ref-type="ref"}).

Whilst MSY is easy to determine for a single stock in isolation, however, it is much more problematic for a multispecies community (Guillen *et al.,* [2013](#jfb13967-bib-0010){ref-type="ref"}), where it is not in general possible to maximise the yield of all stocks simultaneously (FAO, [2001](#jfb13967-bib-0007){ref-type="ref"}; Voss *et al.,* [2014](#jfb13967-bib-0045){ref-type="ref"}; Farcas & Rossberg, [2016](#jfb13967-bib-0008){ref-type="ref"}; Ulrich *et al.,* [2016](#jfb13967-bib-0042){ref-type="ref"}; Norrstrom *et al.,* [2017](#jfb13967-bib-0024){ref-type="ref"}, Pope *et al.,* [2019](#jfb13967-bib-0025){ref-type="ref"}), whilst maximising the total yield may place the most vulnerable stocks at unacceptable risk (Matsuda & Abrams, [2006](#jfb13967-bib-0022){ref-type="ref"}). This tension can be seen in Figure [1](#jfb13967-fig-0001){ref-type="fig"}, which is adapted from Worm *et al.* ([2009](#jfb13967-bib-0047){ref-type="ref"}) and represents the effect of progressively increasing a fixed pattern of fishing mortality across a fish community. For the figure, a multispecies MSY is defined as being the maximum yield that can be taken from the modelled community in the long run. There are three major issues with such a definition. Firstly, the total yield is a function of the relative exploitation pattern across stocks, which is in general not fixed and will affect the nature of the trade‐off between risk and reward. Secondly, it does not take account of the precautionary principle (Serchuk *et al.,* [1999](#jfb13967-bib-0033){ref-type="ref"}, p. 105); there is no guidance concerning the number of collapsed species that might be acceptable. Thirdly, it is not easy for a decision‐maker to visualise the trade‐off between risk and reward, as both are expressed relative to a third variable, the level of the fishing mortality rate *F*.

![Schematic illustration of the effects of increasing exploitation across a fish community (reproduced from Worm *et al.,* [2009](#jfb13967-bib-0047){ref-type="ref"}). Here MMSY is defined as the maximum yield that can be extracted from the community in the long term, even though this is associated with a significant number of collapsed species. *L* ~max~, Maximum fish length. (![](JFB-94-1011-g006.jpg "image")) Total catch, (![](JFB-94-1011-g007.jpg "image")) Total biomass, (![](JFB-94-1011-g008.jpg "image")) Mean L~max~ and (![](JFB-94-1011-g009.jpg "image")) Collapsed species](JFB-94-1011-g001){#jfb13967-fig-0001}

In this study I propose an alternative framework for understanding and visualising a multispecies MSY, here termed a fish community (FC)MSY, which addresses these issues. I illustrate its use with an example taken from the North Sea in which I evaluate the performance of simple harvest control rules (Kvamsdal *et al.,* [2016](#jfb13967-bib-0019){ref-type="ref"}) which apply the same *F* ~LIMIT~ and *B* ~TARGET~ to each of the 21 stocks in the model community (Figure [2](#jfb13967-fig-0002){ref-type="fig"}) using a management strategy evaluation (MSE; Sainsbury *et al.,* [2000](#jfb13967-bib-0031){ref-type="ref"}; Punt *et al.,* [2016](#jfb13967-bib-0026){ref-type="ref"}). These simple harvest control rules are used to manage towards the MSY objective and I evaluate the long‐term outcomes as a function of expected gross economic yields (catch × gross revenue per unit catch), catch variability, total effort (as a proxy for employment generated in the fishery), net profit and the risks of stock depletion summed across the multispecies community. I illustrate the utility of this framework by comparing the performance of these simple harvest control rules against harvest strategies that are informed by ICES single‐species assessments and multispecies modelling, which allow for different *F*s to be tailored to each stock, based on the evidence of the stock assessment process. In this way I can estimate the long‐term value that is added by the stock‐specific *F*s.

![Schematic of the simple harvest control rules. Seventeen different *F~LIMIT~* (*F* = 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.55, 0.60, 0.80, 1.00, 1.20, 1.50, 2.00, 2.50) and fourteen different BTARGET thresholds (10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 60%, 70%, 80%, 90% and 100% of B0) were considered, making 238 different harvest control rules in total. The HCR has the same form as the first type considered by Mackinson et al. ([2018](#jfb13967-bib-0021){ref-type="ref"}) and Froese et al. ([2011](#jfb13967-bib-0009){ref-type="ref"})](JFB-94-1011-g002){#jfb13967-fig-0002}

2. MATERIALS AND METHODS {#jfb13967-sec-0002}
========================

2.1. A new conceptual framework for multispecies MSY {#jfb13967-sec-0003}
----------------------------------------------------

Considering the bigger picture, the fisheries manager will want to extract as much yield from the system as he or she can without damaging the stock structure in such a way as to reduce overall returns in the long term or reduce the options of future policy‐makers. This implies a tension between yield today and risk (as a measure of the potential damage to the stock structure and yield or options for management flexibility that may be foregone tomorrow), so any estimate of MSY needs to take account of both. In the case of a single stock, this is straightforward and involves maximising the yield (tonnage or gross value), without violating the precautionary principle (for example, avoiding the stock dropping below the limit biomass; that is, becoming depleted with 95% confidence).

By analogy, in order to construct a multispecies MSY, I need a way of expressing the overall risk and reward across the community associated with any given fishing strategy. In the case of reward, this is relatively simple, being the sum of the catches (tonnage) or the gross revenue associated with the catch \[tonnage caught × species specific value (price per tonne)\] summed across all stocks (Srinivasan *et al.,* [2010](#jfb13967-bib-0037){ref-type="ref"}). In the case of risk, a simple average will not suffice. For example, if there were 21 stocks in the fish community (Thorpe *et al.,* [2015](#jfb13967-bib-0041){ref-type="ref"}; Thorpe *et al.,* [2016](#jfb13967-bib-0039){ref-type="ref"}; Thorpe *et al.,* [2017](#jfb13967-bib-0040){ref-type="ref"}), it would be possible to deplete one stock with 100% probability whilst the overall risk across the community could remain compliant with the precautionary principle (\< 5%) if there was no risk to any of the other 20 stocks. This scenario might seem extreme but would be possible with a highly species‐selective pelagic fishery and would of course not be acceptable. So we need a risk metric which: (a) increases with the overall risk to stocks across the community; (b) approximates the individual risk to a stock in the case where all stocks are subject to the same risk; (c) heavily penalises outcomes where the risk is loaded disproportionately onto a small number of stocks; (d) assigns a certain risk of depletion to the community if any stock in the community is depleted with certainty.

I propose a simple fish community risk metric (FCRM) which has these properties and is related to the individual risk of depletion of stock *i* (*R* ~*i*~) as follows: FRCM = ΣYi(Σ *Y* ~*i*~ + *n*)^−1^, where *Y* ~*i*~ = *R* ~*i*~ (1 − *R* ~*i*~)^−1^. Here *n* is the number of stocks in the community, *R* ~*i*~ varies between 0 (no risk of stock depletion) and 1 (100% probability of stock depletion) for stock *i* of *n* and *Y* ~*i*~ is the ratio of instances of the stock being at risk to the instances of the stock not being at risk. The behaviour of this metric for a few simple examples is presented in Table [1](#jfb13967-tbl-0001){ref-type="table"}, showing that it has the required properties. In the limit that the risk is spread evenly across the community, the community risk (CR) defaults to the mean risk (first scenario). In the limit that one stock is depleted with certainty, the community risk defaults to 1 (second scenario). In other cases, the community risk is always higher than the mean risk, lower than the highest individual risk and increases with unevenness of risk loading across the community. In this way it penalises outcomes that focus the risk on a small number of stocks.

###### 

Comparison of the community risk with the mean risk to stocks for some simple examples. Precautionary is taken to mean that the risk metric is \< 0.05, to be consistent with the single species approach

                               Scenario risk profile                              
  ---------------------------- ----------------------- -------- -------- -------- --------
  Mean risk to stocks          0.05                    0.0476   0.0476   0.0476   0.0476
  Fish community risk metric   0.05                    1.00     0.0869   0.0562   0.0502

Cell colours illustrate the overall risk. Green = precautionary (\<0.05), yellow = 0.05, the limit of precautionarity, and shades of orange and red are progressively less precautionary, with dark red = certainty of stock depletion.

Having defined acceptable measures of risk and reward across the fish community, I can then express management outcomes in terms of their position in the two‐dimensional risk--reward space. The maximum potential yield is estimated from considering a large number of potential strategies whilst any outcome with a community risk of \< 5% is precautionary in the ICES sense. Therefore, any outcome providing close to the maximum yield across the community, with a CR \< 5% can be said to be consistent with multispecies MSY. This is shown schematically in Figure [3](#jfb13967-fig-0003){ref-type="fig"}.

![Schematic showing multispecies MSY in terms of community risk (CR) and reward. The maximum yield is estimated by simulation from a large number of potential strategies](JFB-94-1011-g003){#jfb13967-fig-0003}

2.2. Methodology of the management strategy evaluation {#jfb13967-sec-0004}
------------------------------------------------------

I investigated the outcomes of managing with different harvest control rules using a length‐based multispecies model as the operating model in a management strategy evaluation (MSE). The operating model is the same model as used in Thorpe *et al.* ([2017](#jfb13967-bib-0040){ref-type="ref"}). It is based upon the framework developed by Hall *et al.* ([2006](#jfb13967-bib-0011){ref-type="ref"}) and subsequently adapted for use in the North Sea by Rochet *et al.* ([2011](#jfb13967-bib-0029){ref-type="ref"}) and by Thorpe *et al.* ([2015](#jfb13967-bib-0041){ref-type="ref"}) to allow for increased interactions between stocks and improve model run time. The operating model is described in detail in Thorpe *et al.* ([2017](#jfb13967-bib-0040){ref-type="ref"}) and further details on parameter settings are provided in Thorpe *et al.* ([2015](#jfb13967-bib-0041){ref-type="ref"}). In brief, a total of 21 fish species is represented in 32 equal length classes. These are common across stocks and span the full range of sizes in the fish community. Thus, the longest fish, cod *Gadus morhua* L. 1758, may be present in all length classes, while smaller species such as sprat *Sprattus sprattus* (L. 1758) may only be present in, say, five. Individuals progress through length classes as they grow and mature at a threshold length at maturity. Reproduction is described with a hockey‐stick spawner‐recruit relationship (Barrowman & Myers, [2000](#jfb13967-bib-0002){ref-type="ref"}), which determines the number of recruits entering the smallest size class as a function of the biomass of mature individuals. Species' dynamics are linked *via* predation mortality (*M* ~2~) which is an emergent property depending upon predator and prey abundance as determined by a diet matrix and the preferred predator--prey mass ratio. Individuals are also susceptible to residual natural mortality (*M* ~1~) and *F*. Parameterisation and validation of the model are described in Thorpe *et al.* ([2015](#jfb13967-bib-0041){ref-type="ref"}).

The consequences of parameter uncertainty were assessed by developing 78,125 models \[5 variants for each of 7 key parameters covering: (a) diet matrix, (b) predator size‐preference, (c) non‐predation natural mortality, (d) spawner‐recruit initial steepness, (e) efficiency of growth, (f) asymptotic length and (g) maximum recruitment\], with parameters drawn from ranges that spanned literature estimates. Details of the parameter choices and their underlying rationale can be found in Thorpe *et al.* ([2015](#jfb13967-bib-0041){ref-type="ref"}) and Supporting Information Table [S1](#jfb13967-supitem-0001){ref-type="supplementary-material"} in Appendix [S1](#jfb13967-supitem-0001){ref-type="supplementary-material"}. Models in the unfiltered ensemble were screened against stock assessment estimates of SSB to identify plausible models. The screening criteria were all species should persist in the absence of fishing and the mean predicted SSB of assessed species after 30 years simulated fishing at average 1990--2010 rates (ICES, [2012](#jfb13967-bib-0015){ref-type="ref"}), should be within a factor of two of the SSB estimated in ICES (2012). Stochastic recruitment around the deterministic hockey‐stick spawner‐recruit relationship was simulated using a lognormal distribution scaled so as to both preserve mean recruitment levels and reproduce variability of similar magnitude to that found in the ICES stock‐recruit database (Thorpe *et al.,* [2017](#jfb13967-bib-0040){ref-type="ref"} and Supporting Information Appendix [S1](#jfb13967-supitem-0001){ref-type="supplementary-material"}). Each parameter combination was tested three times and accepted if all three stochastic simulations using this parameter set produced biomasses within a factor of two of the 1990--2010 averages for each of the 10 fully assessed stocks, giving rise to a filtered ensemble (FE) of 63 members. I used a factor of two because biomass estimates from assessments are uncertain and because a range of processes including environmental factors influence abundance in the real world. However, a previous analysis suggests that changing this factor, which affects the FE size, has only modest influence on predictions made by the filtered ensemble for FE sizes between 50 and 1000 (Thorpe *et al.,* [2015](#jfb13967-bib-0041){ref-type="ref"}, Supporting Information Appendix [S1](#jfb13967-supitem-0001){ref-type="supplementary-material"}).

In Thorpe *et al.* ([2017](#jfb13967-bib-0040){ref-type="ref"}), we assumed constant fishing mortality in accordance with management targeting a specific point within the pretty good yield ranges (Hilborn, [2010](#jfb13967-bib-0012){ref-type="ref"}; Rindorf *et al.,* [2017a](#jfb13967-bib-0027){ref-type="ref"}, [2017b](#jfb13967-bib-0028){ref-type="ref"}), with the resulting yields and risks being long‐term averages. In practice, however, a target *F* would also depend on the stock abundances and would be reduced if the stock status was outside safe biological limit (ICES, [2016](#jfb13967-bib-0017){ref-type="ref"}). In the current study I take account of this by performing an MSE (ICES, [2013](#jfb13967-bib-0016){ref-type="ref"}; Kell *et al.,* [2007](#jfb13967-bib-0018){ref-type="ref"}; Mackinson *et al.,* [2018](#jfb13967-bib-0021){ref-type="ref"}; Punt *et al.,* [2016](#jfb13967-bib-0026){ref-type="ref"}), using pre‐agreed sets of rules that determine the level of *F* to apply across the community for any particular year, given estimates of the stock abundances at that time. Here, following Mackinson *et al.* ([2018](#jfb13967-bib-0021){ref-type="ref"}), I use HCRs of hockey‐stick form (Figure [2](#jfb13967-fig-0002){ref-type="fig"}), designed to deliver MSY during times of high stock abundance, with pre‐specified reductions if stock abundance (biomass) falls below a certain limit (here termed *B* ~TARGET~ and equivalent to MSY *B* ~trigger~ in standard ICES terminology; ICES, [2016](#jfb13967-bib-0017){ref-type="ref"}). Limits for management action (reducing *F*) were set with reference to the estimated stock abundance as a fraction of the unfished abundance (*B* ~0~).

Within the MSE framework, stock status was determined annually. Wiedenmann *et al.* ([2015](#jfb13967-bib-0046){ref-type="ref"}) found that there were typically high levels of autocorrelation in the stock assessment process of order 0.7--0.9 (stock assessment biases tend to persist through time rather than being white noise). Therefore, within the MSE I took the modelled spawning stock biomass (SSB) for each stock from the last but one year and applied a measurement--assessment error as follows: assessed biomass / true biomass (*t*) = exp {log\[ assessed biomass / true biomass (t − 1)\] × 0.8 + normal(0,0.5) × 0.2}. This generated a timeseries of estimates with autocorrelation of 0.8 and residuals of a magnitude consistent with the 2018 cod assessment for the North Sea (Supporting Information Appendix [S1](#jfb13967-supitem-0001){ref-type="supplementary-material"}; <http://www.stockassessment.org>; accessed 04/02/2019). Fishing mortality for the following year was then assigned using the agreed HCR and applied subject to the same bias as the assessment (*i.e.,* if the assessed biomass was a factor of 2 too high, then the applied *F* would also be a factor of 2 too high to reflect our lack of awareness of the state of the stock) and a lognormally distributed error term to reflect uncertainty in implementation of an agreed fishing strategy. Thus: *F* ~applied~ = *F* ~desired~ (assessed biomass/true biomass) lognormal (0, 0.3); for comparison an example discussed in ICES ([2013](#jfb13967-bib-0016){ref-type="ref"}) assumes an implementation error of 10% whilst Wiedenmann *et al.* ([2015](#jfb13967-bib-0046){ref-type="ref"}) suggest typical errors in the catch of 15%.

The 2 year lag reflects time delays associated with the current assessment framework, but the process could be readily adapted to consider other time lags (and hence the value of having more information) or indeed other levels of uncertainty.

The MSE simulations were run for 50 years and management outcomes were defined in terms of an average of the last 30 years of the simulation. I focussed on the expected outcomes for risk and reward and present results showing the gross economic yield (expected catch x value) and risk of stock depletion adjusted to reflect the need to avoid concentrating risk on a few stocks in the community to an unacceptable degree. The way in which I define and evaluate the risks and rewards associated with each strategy is detailed below. By defining a community risk in the manner described, one can be sure it meets the ICES definition of precautionary (*i.e.,* if any single stock has a high chance of depletion, the community risk will also be high, irrespective of the risks to the other twenty stocks). I defined stocks to be depleted when their biomass was below a certain fraction of the estimated unfished biomass (*B* ~0~). In previous work we defined a stock to be at risk when its biomass falls below 10% of *B* ~0~ (Thorpe *et al.,* [2016](#jfb13967-bib-0039){ref-type="ref"}, [2017](#jfb13967-bib-0040){ref-type="ref"}; Worm *et al.,* [2009](#jfb13967-bib-0047){ref-type="ref"}), but other definitions have been suggested (Smith *et al.,* [2009](#jfb13967-bib-0034){ref-type="ref"}). In Thorpe and De Oliveira ([2019](#jfb13967-bib-0038){ref-type="ref"}) we also looked at risk thresholds of 15% and 20% of *B* ~0~, but the results were qualitatively similar, so I just focus on the 10% threshold here. Results were expressed as the ensemble mean (across 63 ensemble members). Each calculation was repeated 100 times to take account of stochastic recruitment variation (Thorpe *et al.,* [2017](#jfb13967-bib-0040){ref-type="ref"}).

2.3. Candidate simple approaches for achieving FCMSY {#jfb13967-sec-0005}
----------------------------------------------------

This study looks at outcomes from managing the North Sea fish community in accordance with harvest control rules based upon a simple approach which is common to all stocks. Seventeen possible choices for *F* ~LIMIT~ and fourteen for *B* ~TARGET~ (Figure [2](#jfb13967-fig-0002){ref-type="fig"}) were considered independently, giving 238 harvest control rule variants. Outcomes were then compared with five strategies for achieving FCMSY based only a tailored *F* for each stock which makes use of information from the stock assessment process. These were (a) applying Fs based on 10 single species assessments, (b) calculating a 21 stock multispecies Nash equilibrium (Thorpe *et al.,* [2017](#jfb13967-bib-0040){ref-type="ref"}) to provide a true multispecies reference point and estimating *F*s based on targeting the (c) top, (d) middle and (e) bottom of the pretty‐good‐yield (PGY) ranges based on ICES assessments (Rindorf *et al.,* [2017a](#jfb13967-bib-0027){ref-type="ref"}, [2017b](#jfb13967-bib-0028){ref-type="ref"}; Thorpe *et al.,* [2017](#jfb13967-bib-0040){ref-type="ref"}). For a) *F*s for the non‐assessed stocks were estimated by relating them to the most similar assessed stocks (details in Thorpe *et al.,* [2015](#jfb13967-bib-0041){ref-type="ref"}), whilst for (3)--(5) these *F*s emerge from maximising fishing across the community without violating any of the seven PGY ranges (Thorpe & De Oliveira, [2019](#jfb13967-bib-0038){ref-type="ref"}).

3. RESULTS {#jfb13967-sec-0006}
==========

The expected risk and reward outcomes for the 238 simple harvest control rule variants as compared with the tailored approaches, single species assessments, Nash equilibrium and top, middle and bottom of the ICES PGY ranges, are shown in Figure [4](#jfb13967-fig-0004){ref-type="fig"}. The best combinations of *F* ~LIMIT~ and *B* ~TARGET~ produce overall yields that are extremely competitive with the tailored *F* approaches, being comparable with the Nash equilibrium and clearly superior to use of the single species assessments and the ICES PGY ranges.

![Expected outcomes for gross catch revenue and risk of stock depletion (FRCM) for the 120 simple harvest control rule variants (![](JFB-94-1011-g010.jpg "image")) as compared with assessment‐based single species fishing mortality rate (![](JFB-94-1011-g011.jpg "image")),multispecies Nash Equilibrium (![](JFB-94-1011-g012.jpg "image")),upper pretty good yield (PGY) ranges (![](JFB-94-1011-g013.jpg "image")),mid PGY ranges (![](JFB-94-1011-g014.jpg "image")) and lower PGY ranges (![](JFB-94-1011-g015.jpg "image"))](JFB-94-1011-g004){#jfb13967-fig-0004}

Having established the utility of the simple framework, the (a) yield, (b) risk of stock depletion, (c) variability of income and (d) estimated net profits vary as a function of *F* ~LIMIT~ and *B* ~TARGET~ are shown in Figure [5](#jfb13967-fig-0005){ref-type="fig"}. The overall yield is very flat‐topped and a wide variety of choices are consistent with high yield. The best precautionary yield is delivered by a combination of *F* ~LIMIT~ = 0.8 and *B* ~TARGET~ = 0.90, but a number of other choices produce similar outcomes. Many choices are also precautionary showing the efficacy of the HCR approach of cutting *F* as stock status declines, the exception being combinations of high *F* ~LIMIT~ and low *B* ~TARGET~, where there is not enough of a buffer against poor stock status. Income variability is lowest for low *F* ~LIMIT~ and low *B* ~TARGET~, which is not surprising because this approximates a fixed *F* strategy and is highest for high *F* ~LIMIT~ and high *B* ~TARGET~, which more closely approximates a boom--bust approach. Income variability is generally greater than for the tailored *F* approaches and is about 40% higher for the highest precautionary yields. The most profitable HCRs are associated with slightly lower yields and lower *F*s for a given *B* ~TARGET~. High and low *F* ~LIMIT~s are generally unprofitable, whilst good profits are obtained when *F* ~LIMIT~ is *c*. 0.3--0.4 for all *B* ~TARGET~. The most profitable HCR is *F* ~LIMIT~ = 0.35, *B* ~TARGET~ = 0.40, which delivers about 90% of the maximum precautionary yield. Thus, there is a slight tension between yield and profits, whilst there is a much greater one between profits and jobs (effort), which is maximised at high *F* ~LIMIT~ and low *B* ~TARGET~.

![Expected outcomes for (a) gross economic yield, (b) fish community risk metric (FCRM, (c) income variability and (d) estimated net profits. (a) and (c) are expressed relative to expected outcomes for fish community (FC)MSY based on single species assessments; (b) is precautionary where FCRM is \< 0.05](JFB-94-1011-g005){#jfb13967-fig-0005}

4. DISCUSSION {#jfb13967-sec-0007}
=============

The North Sea fixed and multispecies fishery has been intensively studied and being relatively data rich provides an opportunity to examine the performance of simple strategies for managing a multispecies fish community as opposed to more complex ones with specific *F*s for each stock. In this study, I have adapted a published modelling framework to perform a multispecies management strategy evaluation with an ensemble of related models (common structure but different parameterisations), thereby taking into account model parameter uncertainty alongside recruitment uncertainty. Using a novel framework for conceptualising multispecies MSY in terms of community risk and reward, I have been able to evaluate the performance of a suite of 238 generic harvest control rules and compare them with the expected outcomes from (a) single species assessments, (b) a true multispecies reference point based upon a 21 stock Nash equilibrium (Farcas & Rossberg, [2016](#jfb13967-bib-0008){ref-type="ref"}; Norrstrom *et al.,* [2017](#jfb13967-bib-0024){ref-type="ref"}, Thorpe *et al.,* [2017](#jfb13967-bib-0040){ref-type="ref"}) and (c) approaches based on a mixed‐fishery implementation of the ICES PGY range concept. My main finding is that it is possible to achieve precautionary yields that are higher than those from assessment‐based *F* approaches and comparable with a true multispecies reference point, albeit at the cost of greater income variability.

Farcas and Rossberg ([2016](#jfb13967-bib-0008){ref-type="ref"}) have previously argued that using management targets based upon system state (biomass) rather than pressure (fishing mortality) are theoretically superior and will generate increased yield. Our results are consistent with this assertion because the suggest that specifying individual *F*s per stock is less important in driving yield than knowing the biomass status of the stock and applying an appropriate harvest control rule. The main benefit of the tailored *F* approach is reduced variability of income, as the high‐yielding outcomes here all have more variable income streams than the tailored *F* approaches. If steady income is vital, then I may need to give more consideration as to how I can exploit biomass‐based management to maximise yield whilst minimising income variability before this approach becomes fully practical.

This study supports the widely held view that multispecies management involves the need to make trade‐offs. Because the overall yield is very flat‐topped, it is possible to achieve high levels of precautionary yield, so in practice there is modest tension between yield and risk. There is also little tension between profits and risk, as a number of harvest control rules support both. The more significant tensions are between profits and yield (10% of yield must be sacrificed to achieve maximum profits) and particularly effort (jobs) and profit, where no single approach delivers both.

These results reflect the model framework used and thus come with the caveats discussed previously (Thorpe *et al.,* [2015](#jfb13967-bib-0041){ref-type="ref"}; Thorpe *et al.,* [2016](#jfb13967-bib-0039){ref-type="ref"}; Thorpe *et al.,* [2017](#jfb13967-bib-0040){ref-type="ref"}). The uncertainty estimates are likely to be too low, as they do not reflect structural uncertainty (Spence *et al.,* [2018](#jfb13967-bib-0036){ref-type="ref"}). I assume that recruitment functions for all stocks can be approximated by the hockey‐stick form, that differences in stock productivity are governed primarily by basic life‐history characteristics such as the asymptotic length and that there are no depensatory stock dynamics. Whilst these assumptions seen reasonable for this set of 21 stocks in the North Sea, they might not translate well into other ecosystems where there may be less size‐structuring (*e.g*., the Antarctic), greater differences in stock productivity across the fish community (*e.g*., North Pacific Ocean), or stronger environmental forcing (*e.g*., Baltic Sea). One key assumption is that of food‐independent growth. Whilst this may be a reasonable simplification for the North Sea, it would be instructive to compare it with alternative model frameworks that do not make this assumption (Blanchard *et al.,* [2014](#jfb13967-bib-0003){ref-type="ref"}; Spence *et al.,* [2016](#jfb13967-bib-0035){ref-type="ref"}). The study also assumes a constant environment, whereas in practice overall productivity and hence MSY changes with time (Capuzzo *et al.,* [2017](#jfb13967-bib-0005){ref-type="ref"}; Larkin, [1977](#jfb13967-bib-0020){ref-type="ref"}).

This management strategy evaluation makes two further key assumptions, which could be relaxed in future studies. Firstly, I have assumed that measurement errors can be approximated by a timeseries of uncertainties in *B* (and hence estimates of *F*) that is 80% autocorrelated with typical SD\| of *c*. 0.19, with an additional lognormally distributed uncertainty of 30% in the implementation of the estimated *F* ~TARGET~. This is consistent with the North Sea *G. morhua* assessment (Supporting Information Appendix [S1](#jfb13967-supitem-0001){ref-type="supplementary-material"}), provided that I assume that there is no systematic long‐term bias. Secondly, I have further assumed that it is possible to determine the appropriate virgin or unfished biomass *B* ~0~, associated with the assumed constant environment (which in this study is done by averaging 30 years of no fishing in the operating model and averaging the biomass timeseries, with measurement error, that results). Whilst this is reasonable for ecosystems with a short history of fishing, for others (in practice, including the North Sea) that have long been subject to exploitation, this assumption is more problematic. I have made this assumption because it provides a clear baseline for stock abundance independent of our thinking on what constitutes FCMSY (and hence *B* ~MSY~‐based proxies), but the methods could easily be adapted for other methods of determining stock reference points; for example, the biomasses at the Nash equilibrium could be used to generate *B* ~TARGET~.

I have assumed in my evaluation, that the key risk of interest to society can be captured by our risk of stock depletion and the key reward is the gross expected revenue, whereas communities may have other priorities such as sustainable sources of income (even if lower), levels of profitability in the fishery, jobs provided, or preservation of a way of life. Nevertheless, the methods used here could be applied to other relevant metrics, provided they can be identified and quantified in some way and it illustrates the trade‐offs that are often involved in fisheries management.

I have also assumed stochastic (white‐noise) recruitment about a mean dependent on SSB, so there is no serial correlation in the recruitment variability beyond that caused by autocorrelation in SSB. In reality, if the recruitment variability was partly forced by environmental processes, there would probably be some additional autocorrelation, which would tend to reduce the performance of the HCRs below what is simulated here.

In conclusion, I have developed a way of characterising multispecies MSY in terms of expected risk and reward, using a novel risk metric to ensure that no single stock can become severely depleted in a precautionary scenario. With the aid of a length‐structured fish community model I then evaluate a variety of simple harvest control rule strategies for achieving MSY across the North Sea fish community (FCMSY) and compare them with tailored‐*F* alternatives. I find that simple generic harvest control rules can generate precautionary levels of yield that are competitive with the best multispecies outcomes, albeit at the potentially significant cost of higher income variability. Whilst the model is specific to this fish community in the North Sea, the results may be applicable to other fish communities that are size‐structured, provided that there is no strong evidence for depensatory dynamics, their constituent stocks have productivities that vary in a simple and well understood manner with life‐history traits, stocks are not short‐lived relative to management timescales and changes in environmental forcing applied to the community are modest.
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